Different isoforms of a protein complex termed the apoptosis-and splicing-associated protein (ASAP) were isolated from HeLa cell extract. ASAP complexes are composed of the polypeptides SAP18 and RNPS1 and different isoforms of the Acinus protein. While Acinus had previously been implicated in apoptosis and was recently identified as a component of the spliceosome, RNPS1 has been described as a general activator of RNA processing. Addition of ASAP isoforms to in vitro splicing reactions inhibits RNA processing mediated by ASF/SF2, by SC35, or by RNPS1. Additionally, microinjection of ASAP complexes into mammalian cells resulted in acceleration of cell death. Importantly, after induction of apoptosis the ASAP complex disassembles. Taken together, our results suggest an important role for the ASAP complexes in linking RNA processing and apoptosis.
Gene expression in eukaryotic cells is a multistep process that begins in the nucleus with the generation of an mRNA precursor by gene transcription. In subsequent steps the mRNA transcript is subject to processing and export into the cytoplasm, where it undergoes quality control, translation, and finally decay. All of these metabolic steps are performed by large multisubunit machineries, appear to be mechanistically linked with each other, and are subject to regulation (12, 21, 27) .
During mRNA processing, the removal of introns is facilitated by the spliceosome, which is composed of various small nuclear ribonucleoprotein particles (snRNPs) and several nonsnRNP protein components (15, 29, 36) , including members of the serine-and arginine-rich (SR) protein family (10, 23) . In mammalian cells, SR proteins and other splicing factors exist in nuclear regions called splicing factor compartments, nuclear speckles, or interchromatin granules and have proposed functions in several steps of the gene expression process (26, 31) . For example, a spliceosome-associated RNA-binding protein with a serine-rich domain, RNPS1, is thought to be involved in the regulation of splicing, mRNA export, and nonsense-mediated mRNA decay (16, 17, 19, 20, 25) . Regulation of RNA processing allows alternative splicing of transcripts, a process that enables the cell to generate multiple distinct transcript species from a common precursor. Alternative splicing adds an additional layer of control to the gene expression process, since it leads to the production of discrete protein isoforms that can have distinct functions in cellular events (18, 22) .
One important cellular event is the process of programmed cell death or apoptosis (32) . Interestingly, numerous apoptotic genes, including death receptors and intracellular components of the death machinery, are subject to alternative splicing (3, 13) . Apoptosis is distinguished from other forms of cell death, such as necrosis, on the basis of morphological criteria, which include membrane blebbing, fragmentation of nuclear DNA, and chromatin condensation (11) . Most of the apoptotic morphological changes are caused by a set of cysteinyl aspartatespecific proteinases (caspases), which are specifically activated in apoptotic cells and cleave selected target proteins (6, 14) . Among these target proteins is a nuclear protein named Acinus (for apoptotic chromatin condensation inducer in the nucleus) (30) . Acinus is expressed in different isoforms, termed Acinus-L, Acinus-S, and Acinus-SЈ, with molecular masses of ca. 220, 98, and 94 kDa, respectively (Fig. 1a) . Acinus is cleaved during apoptosis by caspase 3 and by an unidentified protease to produce a 23-kDa isoform (p23) that has been implicated in mediating apoptotic chromatin condensation prior to DNA fragmentation (30) .
All three nonapoptotic isoforms of Acinus contain a region whose function is unknown but which is similar to the RNAbinding domain of the Drosophila splicing regulator sex-lethal (Sxl), suggesting another role for Acinus in RNA metabolism (30) . In fact, recent publications have shown that Acinus is a component of functional spliceosomes (29, 36) .
Here we describe the purification and characterization of a novel protein comprised of the proteins SAP18, RNPS1, and distinct isoforms of Acinus, which we term the apoptosis-and splicing-associated protein (ASAP) complex. Addition of the complex to in vitro splicing assays inhibited RNA processing, and microinjection of ASAP into mammalian cells accelerated the progress of cell death after induction of apoptosis. 4 . Column fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by Western blot analysis and silver staining. Protein identification. Gel-resolved proteins were digested with trypsin, and the mixtures were fractionated on a Poros 50 R2 RP micro-tip (7). Resulting peptide pools were then analyzed by matrix-assisted laser desorption ionizationreflectron time-of-flight mass spectrometry (MS) using a Reflex III instrument (Brüker Franzen; Bremen, Germany); and by electrospray ionization MS/MS on an API 300 triple quadrupole instrument (PE-SCIEX; Thornhill, Canada), modified with an ultra-fine ionization source (8) . Selected mass values from the matrix-assisted laser desorption ionization-time-of-flight experiments were taken to search the protein nonredundant database (National Center for Biotechnology Information, Bethesda, Md.) using the PeptideSearch (24) algorithm. MS/MS spectra were inspected for yЈЈ ion series for comparison with the computer-generated fragment ion series of the predicted tryptic peptides.
MATERIALS AND METHODS
Immunoprecipitations. Goat polyclonal antibodies (1.2 g; Santa Cruz) were bound to 10 l of protein G-agarose beads (Roche), equilibrated in buffer C (20 mM Tris [pH 7.9], 0.2 mM EDTA, 10% glycerol, 0.5 mM DTT, 0.2 mM phenylmethylsulfonyl fluoride) containing 0.1 M KCl, and incubated with 100 l of input material for ca. 12 h at 4°C. Immunoprecipitates were collected by centrifugation in an Eppendorf 5417R centrifuge (1 min, 4,000 rpm, 4°C) and washed four times with 1 ml of buffer C containing 0.5 M KCl and 0.05% (vol/vol) NP-40. Protein complexes were eluted from the beads with SDS sample buffer and analyzed by SDS-PAGE followed by Western blot analysis.
For the immunoprecipitation experiments described in Fig. 6b , extracts were prepared as follows: cell pellets were resuspended in buffer containing 10 mM HEPES (pH 7.9), 5 mM MgCl 2 , 0.25 M sucrose, 5 mM NaF, 10 mM ␤-mercaptoethanol, and protease inhibitors. NP-40 was added to a final concentration of 0.1%, and cells were lysed by freezing and thawing followed by incubation on ice for 10 min. Lysates were spun in an Eppendorf 5417R centrifuge (5 min, 14,000 rpm, 4°C), and the pellet was resuspended in a solution containing 10 mM HEPES (pH 7.9), 25% glycerol, 1.5 mM MgCl 2 , 0.1 mM EDTA, 5 mM NaF, 10 mM ␤-mercaptoethanol, and protease inhibitors. After incubation on ice for 30 min, the samples were frozen and thawed and spun in an Eppendorf 5417R centrifuge (15 min, 14,000 rpm, 4°C). Supernatants were used as input material for immunoprecipitations, which were performed as described above.
Expression of recombinant proteins and production of polyclonal antibodies against Acinus. Recombinant RNPS1 was expressed in insect cells as described previously (25) . Recombinant SAP18 was produced in Escherichia coli as histidine-tagged fusion protein. For production of Flag-tagged Acinus-L in the baculovirus-system, SF9 cells were infected with a baculovirus encoding Flag-Acinus-L. After 3 days, SF9 cells were harvested, washed one time with phosphatebuffered saline (PBS), and resuspended in lysis buffer (20 mM Tris [pH 7.9], 500 mM NaCl, 4 mM MgCl 2 , 0.4 mM EDTA, 10 mM ␤-glycerophosphate, 20% glycerol, 1 mM DTT, and protease inhibitors). After lysis by freezing and thawing (three times), insoluble material was pelleted by centrifugation in a Sorvall SA-600 rotor (15 min, 4°C, 8,000 rpm). The supernatant was combined with M2-agarose (Sigma) equilibrated in lysis buffer and incubated with rotation for 4 h at 4°C. The resin was washed three times with lysis buffer, and bound proteins were eluted with lysis buffer containing 200 g of Flag peptide (Sigma)/ml. For expression of SAP18 in the baculovirus system, extracts from SF9 cells infected with a baculovirus encoding His-SAP18 were prepared as described for FlagAcinus-L (see above). After pelleting of insoluble material by centrifugation in a Sorvall SA-600 rotor (15 min, 4°C, 8,000 rpm), the supernatant was dialyzed against buffer C (20 mM Tris [pH 7.9], 0.2 mM EDTA, 10% glycerol, 1 mM DTT, protease inhibitors), adjusted to 250 mM KCl, and bound to a P-11 column equilibrated in buffer C adjusted to a 250 mM concentration of KCl. After washing with five column volumes of buffer C adjusted to 250 mM KCl, the column was eluted with buffer C adjusted to 1 M KCl. Fractions containing His-SAP18 were pooled, dialyzed against buffer C (10 mM imidazole, no EDTA, no DTT), adjusted to 500 mM KCl, and bound to a Ni-nitrilotriacetic acid (NTA) agarose (Qiagen) column equilibrated in buffer C (10 mM imidazole, no EDTA, no DTT) adjusted to 500 mM KCl. After washing with five column volumes of buffer C (20 mM imidazole, no EDTA, no DTT) adjusted to 500 mM KCl, bound proteins were eluted with buffer C (250 mM imidazole, no EDTA, no DTT) adjusted to 500 mM KCl.
For production of recombinant Acinus polypeptides as histidine-tagged fusion proteins in E. coli, DNA sequences encoding amino acids 1 to 108, 987 to 1093, and 1233 to 1341 of Acinus-L were amplified by PCR and subcloned into the pET-30a(ϩ) expression plasmid (Novagen). Native and denaturing purification of the recombinant proteins was accomplished with Ni-NTA agarose following the instructions of the manufacturer (Qiagen). For production of polyclonal antibodies against Acinus, the recombinant polypeptides were injected into rabbits. Antibodies were affinity purified from serum by use of the recombinant polypeptides cross-linked to Affi-Gel 10 or Affi-Gel 15 according to the manufacturer's protocol (Bio-Rad).
Tissue culture and immunofluorescence. HeLa cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% calf serum-200 mM Lglutamine and transfected according to the calcium phosphate protocol. For immunofluorescence, cells were fixed and permeabilized with 100% methanol, stained by sequential incubation with primary and secondary antibodies, and visualized using a Zeiss Axiovert 200 M system.
In vitro splicing assays. Preparation of human ␤-globin substrate and in vitro splicing assays were carried out essentially as described previously (28) . Briefly, 40 ng (see Fig. 4 ) or 50 ng (see Fig. 5 ) of His-tagged ASF/SF2 purified from recombinant baculovirus-infected cells was added to 8 l of S100 extract. The final concentrations of components during the splicing reactions were as follows: 12 mM HEPES-KOH (pH 7.9), 10 mM creatine phosphate, 60 mM KCl, 0.2 mM EDTA, 2.5 U of RNasin, 2.6 mM MgCl 2 , 6% glycerol, 0.5 mM DTT, 2.6% polyvinyl alcohol (average molecular weight, 24,000; Sigma). In Fig. 5 , splicing assays with suboptimal amounts of ASF/SF2 were performed with 5 ng of ASF/ SF2. In RNPS1-dependent splicing activation assays (Fig. 4) , 3 ng of ASF/SF2 was added to 8 l of S100 extract in the presence of 360 ng of RNPS1 purified from recombinant baculovirus-infected cells. Splicing reactions were incubated at 30°C for 90 min. They were subsequently deproteinized and RNA precipitated with ethanol. RNA was fractionated by denaturing PAGE, and splicing products were visualized by autoradiography.
Microinjection experiments. Cells were plated on polylysine-coated Matex dishes containing an embedded glass coverslip 24 h prior to injection and grown as described above. For injection the purified complex was mixed with either Alexa Fluor 568-dextran or tetramethyl rhodamine isocyanate-labeled dextran (Molecular Probes, Eugene, Ore.) so that the final concentrations for the complex and fluorescent dextran were 55 and 25 ng/l, respectively. For each experiment, 100 to 200 cells were injected using a Zeiss Axiovert 135 TV inverted microscope with a heated stage and an Eppendorf transjector (5246) and micromanipulator at 20 to 40 hPa for 0.5 s. Following injection the cells were allowed to recover for 1 to 2 h, and fluorescent cells were counted. Apoptosis was induced using 1 M staurosporine. Healthy nonapoptotic microinjected cells were identified by fluorescence and enumerated at 2-h intervals. In some experiments healthy cells were also identified by staining them with 10 M FITC-ZVAD-FMK, a fluorescent caspase inhibitor (Promega, Madison, Wis.), as described by the manufacturer. The fluorescent cells were also monitored for morphological changes, which were documented by photography. Control cells overexpressing caspase 8 were generated by microinjection of a murine stem cell virus-caspase 8 internal ribosome entry site-green fluorescent protein expression construct 24 h prior to injecting other dishes with ASAP and control fractions. This resulted in two-to threefold increase in the level of caspase 8 protein over that for uninjected control cells but was not sufficient to induce apoptosis without additional stimuli. For examination of nuclear DNA condensation, the cells were fixed with 4% paraformaldehyde, permeabilized with PBS containing 0.1% Triton X-100 for 5 min, stained with PBS containing 10 ng of 4Ј,6Ј-diamidino-2-phenylindole/ ml, and photographed.
Plasmids, baculoviruses, and antibodies. Plasmids containing the cDNA of Acinus-L (30) were a gift of Y. Tsujimoto and S. Sahara; the Flag-RNPS1 expression construct has been described before (19) . A baculovirus encoding human RNPS1 (25) was a generous gift of A. Mayeda. For generation of a baculovirus transfer-vector encoding His-SAP18, a His-tagged human SAP18 VOL. 23, 2003 ASAP IS INVOLVED IN SPLICING AND APOPTOSIScDNA was inserted into the plasmid pVL1393 (Pharmingen). For generation of a baculovirus transfer-vector encoding Flag-Acinus-L, a Flag-tagged human Acinus-L cDNA was inserted into the plasmid pVL1392 (Pharmingen). Baculoviruses for expression of His-SAP18 and Flag-Acinus-L were generated by Orbigen. If not indicated differently, antibodies against Acinus, Sin3, MTA2, and SAP18 and secondary antibodies for immunofluorescence analyses were obtained from Santa Cruz. The fluorescein isothiocyanate-coupled antibody against the Flag tag was purchased from Upstate Biotechnology. An antibody against ATRX was a gift of D. R. Higgs. The antibody against RNPS1 has been described before (19) .
RESULTS
Identification of a novel protein complex that consists of SAP18, RNPS1, and Acinus-L. Previous work in our laboratory resulted in the isolation of a Sin3 histone deacetylase (HDAC) complex (33, 34) . The isolated Sin3-HDAC complex was found to be composed of a four-subunit core complex, which includes HDAC1, HDAC2, RbAp46, and RbAp48, and the associated polypeptides Sin3 and SAP30. During these studies a novel protein of 18 kDa was identified and suggested to be associated with the Sin3-HDAC complex. Accordingly this protein was termed SAP18, (for Sin3-associated protein of 18 kDa) (33) .
To investigate the possible existence of additional protein complexes containing SAP18, we followed SAP18 during biochemical fractionation of an extract derived from HeLa nuclei by Western blotting. This procedure led to the discovery of a new putative protein complex containing SAP18 and several additional subunits. Identification of subunits of the complex by mass spectrometry of tryptic peptides confirmed the presence of SAP18 and identified the ca. 50-kDa protein RNPS1 and the ca. 220-kDa isoform of Acinus (Acinus-L) as additional subunits. No components of the Sin3-HDAC complex could be detected.
Following Western blot activity against SAP18, RNPS1, and Acinus-L, we repurified this putative novel complex according to the protocol shown in Fig. 1b . Analysis of fractions from the final MonoP column by SDS-PAGE and silver staining demonstrates purification of a three-subunit protein complex to near-homogeneity (Fig. 1c) . The presence of SAP18, RNPS1, and Acinus-L was confirmed by Western blot analyses (Fig.  1d) . In immunoprecipitation (IP) experiments using a partially purified fraction derived from a HeLa nuclear pellet as input (Fig. 1e) , antibodies against SAP18 specifically immunoprecipitated SAP18, RNPS1, and Acinus-L but not the unrelated proteins MTA2, a component of the NuRD complex (35) , or ATRX, a member of the SNF2 family of helicases and ATPases (9) (lane 5). Control experiments performed with empty beads (lane 3) or with antibodies against MTA2 (lane 4) precipitated either no proteins or specifically MTA2, respectively. IP experiments using crude nuclear pellet as input gave identical results (data not shown). Coimmunoprecipitation of SAP18, RNPS1, and Acinus-L using a crude nuclear extract as input is shown below (see Fig. 6b, lane 5) . These analyses confirm the presence of the novel complex in cells and verify the identities of the components of this complex.
SAP18 and RNPS1 exist in distinct complexes containing different Acinus isoforms. During separation on the 5PW column (the fourth purification step), we obtained two protein peaks containing SAP18 and RNPS1. One of these protein peaks comprised the Acinus-L-containing fraction. Purification of the second protein peak following the protocol presented in Fig. 1b led to the identification of a protein complex consisting of three major bands of ca. 20, 50, and 98 kDa as well as higher-molecular-mass bands between 98 and 220 kDa (Fig.  2a) . While the 20-and 50-kDa subunits were confirmed as SAP18 and RNPS1 by Western blot analyses (data not shown), the 98-kDa band reacted specifically with an antibody against a unique peptide sequence at the N terminus of the Acinus-S isoform of Acinus (Fig. 2b, lane 10) , which is not contained in any of the other described isoforms of Acinus (30) , indicating that SAP18 and RNPS1 are in a second complex with Acinus-S.
To confirm the identity of the 98-kDa subunit and to analyze the higher-molecular-mass bands, we employed a set of antibodies recognizing different regions of Acinus (Fig. 1a) also Materials and Methods). For that purpose we generated an antibody against the first 108 amino acids of Acinus-L (Fig.  1a, [N] ) which specifically recognizes Acinus-L and none of the other Acinus isoforms (data not shown). This antibody did not produce any signal in the peak fraction of the final MonoP column (Fig. 2b, lane 2) , indicating the absence of Acinus-L. In contrast, antibodies recognizing regions contained in all nonapoptotic isoforms of Acinus (Fig. 1a, [A19] , [M] , and [C]) reacted with the 98-kDa subunit as well as with the highermolecular-mass bands. These data suggest that the highermolecular-mass bands represent additional Acinus isoforms and/or products of Acinus-L derived by proteolysis that are missing the N-terminal region of Acinus-L, which is recognized by the antibody specific for Acinus-L ([N]). Currently we cannot distinguish if fraction 33 is composed of distinct complexes containing different Acinus isoforms and/or if a single complex contains more than one Acinus molecule. The separation of crude and partly purified nuclear pellets by gel filtration chromatography demonstrated that major fractions of the cellular SAP18 and RNPS1 are present in multiprotein complexes of different sizes and copurify with distinct isoforms of Acinus (data not shown). While a rough estimation of Western blot data obtained during purifications of ASAP indicates that more than 80% of SAP18 and RNPS1 in the extract are associated with each other, it is likely that fractions of the proteins are also components of other protein complexes. Accordingly, previous data have shown that RNPS1 is a component of several multiprotein complexes with distinct functions (16, 17, 19, 20, 25) . While we have not analyzed the distribution of other Acinus isoforms during the purification steps, Western blot analyses indicate that more than 90% of Acinus-L in the extract copurified with SAP18 and RNPS1 (data not shown). Taken together, our data establish that SAP18 is a component of distinct isoforms of a novel protein complex consisting of SAP18, RNPS1, and Acinus. Based on the roles of the subunits in apoptosis and RNA processing, we have termed the complex the ASAP complex. To distinguish between the different isoforms of ASAP we refer to them as ASAP-L and ASAP-S, dependent on the presence of Acinus-L or Acinus-S, respectively. ASAP complex components colocalize in HeLa nuclei. To determine the subcellular localization of the ASAP complex components, we performed indirect-immunofluorescence (IF) analyses with HeLa cells. Using antibodies against SAP18 or Acinus, we observed both generalized nucleoplasmic and punctuate nuclear staining with each antibody (Fig. 3a and b , left columns). Because we do not have an antibody against RNPS1 that functions in IF experiments, we transiently transfected HeLa cells with an expression construct for Flag-RNPS1 and detected the expressed protein with an antibody against the Flag tag. As observed previously (19) , massive overexpression of Flag-RNPS1 in transiently transfected cells led to a reorganization of nuclear speckles and formation of so-called "mega-speckles," which contained Flag-RNPS1 as detected by IF (Fig. 3a and b, left columns) . These mega-speckles have been shown to occur in cells expressing high levels of RNPS1 and to coincide with nuclear interchromosomal granules (19) (compare also the 4Ј,6Ј-diamidino-2-phenylindole staining in Fig. 3 ) but do not colocalize with nucleoli as determined by IF analyses using antibodies against nucleolin and fibrillarin (data not shown). Importantly, in the transfected cells both SAP18 and Acinus colocalized with Flag-RNPS1 in the mega-speckles (Fig. 3a and b, left columns) . Thus, this finding further stresses that the components are within a complex in vivo. In contrast, the nuclear staining obtained with an antibody against Sin3 is not reorganized by overexpression of Flag-RNPS1, and Sin3 does not colocalize with Flag-RNPS1 in the mega-speckles (Fig. 3c) . It is noteworthy that transient expression of Flag-RNPS1 did not lead to the formation of mega-speckles in all transfected cells; rather, when Flag-RNPS1 was expressed at lower levels, RNPS1 was detected in smaller and more abundant sites in interphase nuclei, where it again colocalized with SAP18 and Acinus (Fig. 3a and b, right columns) . We also performed IF experiments to determine whether SAP18 and Acinus colocalize in HeLa nuclei, using antibodies to SAP18 and a C-terminal region of Acinus that is present in all described nonapoptotic isoforms of Acinus ([C]; see Fig. 1a and Materials and Methods). As shown in Fig. 3d , the staining patterns for the two proteins clearly superimpose upon each other. Furthermore, it had previously been shown that RNPS1 partially colocalizes with the splicing factor SC35 in the megaspeckles (19) . We therefore extended our IF analyses to examine whether other ASAP components colocalize with SC35. As shown in Fig. 3e , the IF stainings of SAP18 and SC35 in HeLa cells superimpose upon each other, indicating colocalization of ASAP with SC35. Taken together, the immunofluorescence data support the existence of protein complexes composed of SAP18, RNPS1, and Acinus in HeLa cells.
ASAP represses RNA processing in an in vitro splicing assay. Several data point to a role of ASAP complex components in RNA processing (19, 25, 29, 36) . To test directly whether the ASAP complex participates in pre-RNA splicing, we employed an in vitro splicing system that consists of a cytosolic S100 extract supplemented with the SR protein ASF/SF2. Figure 4 shows the results of such an assay using a simple splicing substrate (␤-globin) with limiting (lanes 1 to 7) or saturating (lanes 8 to 14) amounts of ASF/SF2 (see Materials and Methods). As demonstrated previously by others (25) , baculovirusexpressed RNPS1 stimulated splicing when ASF/SF2 was limiting (compare lanes 1 and 2) but had no effect on RNA processing when saturating amounts of ASF/SF2 were used (compare lanes 8 and 9). Addition of increasing amounts of bacterially expressed SAP18 had no effect on splicing activated by ASF/SF2 plus RNPS1 (lanes 5 to 7) or ASF/SF2 alone (lanes 12 to 14) . In contrast, the addition of increasing amounts of the ASAP-L complex inhibited RNA processing mediated both by ASF/SF2 plus RNPS1 (lanes 3 and 4) and by saturating amounts of ASF/SF2 (lanes 10 and 11). All products of the splicing reaction were reduced, suggesting that ASAP-L inhibits RNA processing at an early stage. The addition of a later fraction of the Mono P column (Fig. 1c and d, fraction 48 ) had no effect under both conditions (data not shown). It is noteworthy that RNPS1-stimulated splicing was less sensitive to inhibition by ASAP-L than was RNA processing mediated by ASF/SF2 alone, suggesting that the ASAP-L complex acts in a pathway for splicing regulation that is distinct from the one that is regulated by RNPS1. Experiments performed with S100 extract complemented with SC35 instead of ASF/SF2 gave identical results (data not shown).
Finally, we analyzed the effects of ASAP-S as well as bacu- lovirus-expressed Acinus-L and SAP18 on RNA processing. Figure 5 shows the results of an in vitro splicing assay employing saturating (lanes 11 to 20) or limiting (lanes 1 to 10) amounts of ASF/SF2 in the absence of recombinant RNPS1. While ASAP-S inhibited RNA processing activated by ASF/ SF2 to an extent similar to that by ASAP-L (compare lanes 17 and 18 with 15 and 16), addition of recombinant Acinus-L alone led to a weak stimulation of splicing (lanes 12 to 14). Weak stimulation of splicing by Acinus-L could also be observed under limiting ASF/SF2 conditions (lanes 2 to 4), where neither ASAP isoform had any significant effect (lanes 5 to 8). Consistent with the results obtained using E. coli-expressed SAP18 (Fig. 4) , SAP18 produced in the baculovirus system had no significant effect under any of the conditions employed (Fig.  5, lanes 9, 10, 19, and 20) . Taken together, these data suggest that the ASAP complexes function to repress splicing in vitro and that the ability of RNPS1 (and possibly Acinus-L) to activate splicing is overcome both when it is a component of ASAP and in the presence of the intact complex.
ASAP complexes accelerate cell death in HeLa cells and disassemble after induction of apoptosis. Using an in vitro assay that employed permeabilized HeLa nuclei and an apoptotic extract obtained from bovine thymus, Acinus-p23 was originally isolated as an activity that mediated late-stage apoptotic chromatin condensation prior to DNA fragmentation. Furthermore, Acinus displayed effects on apoptosis in transient-transfection assays: while transfection of a sense construct of Acinus-L accelerated cell death after induction of apoptosis, transfection of an antisense construct led to a delay in cell death (30) .
To analyze the influence of the ASAP complexes on HeLa cells in the absence of and after an apoptotic stimulus, HeLa cells were microinjected with highly purified ASAP-L and ASAP-S, respectively (Fig. 6a) . In the absence of an apoptotic stimulus, cells microinjected with ASAP-L or ASAP-S showed no difference in viability from control cells injected with buffer only (data not shown). In contrast, after induction of apoptosis by staurosporine, cells microinjected with ASAP complexes showed a significant acceleration in cell death compared to the control cells or cells overexpressing caspase 8 (see Materials and Methods), indicating that ASAP is involved in the execution of apoptosis in vivo.
We next investigated whether the composition of ASAP complexes is changed during apoptosis. Figure 6b shows the results of IP experiments performed with extracts derived from HeLa cells which were either untreated or treated with staurosporine. Staurosporine-treated cells were apoptotic as judged by morphological criteria and the appearance of laddering of genomic DNA on agarose gels caused by oligonu -FIG. 4 . ASAP-L complex inhibits RNPS1-activated or ASF/SF2-mediated splicing in S100 extracts. Increasing amounts of purified ASAP-L complex (80 and 320 ng, 1.25 and 5 l; lanes 3, 4, 10, and 11) or recombinant SAP18 (3, 9, and 27 ng; lanes 5 to 7 and 12 to 14) were added to S100 extracts complemented with limiting (3 ng; lanes 1 to 7) or optimal (40 ng; lanes 8 to 14) amounts of ASF/SF2 in the presence of RNPS1 (360 ng; lanes 2 to 7). Lane 1, S100 plus 3 ng of ASF/SF2 only; lane 2, S100 plus 3 ng of ASF/SF2 and 360 ng of RNPS1; lane 8, S100 plus 40 ng of ASF/SF2 only; lane 9, S100 plus 40 ng of ASF/SF2 and 360 ng of RNPS1. As determined by Western blot analyses (data not shown), 1.5 l of purified ASAP-L contained amounts of recombinant RNPS1 and SAP18, which were stoichiometric to 14.4 ng of RNPS1 and 6.5 ng of SAP18, respectively. RNA was fractionated on a denaturing polyacrylamide gel, and splicing products, indicated schematically on the right, were visualized by autoradiography.
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cleosomal DNA fragmentation (data not shown). An antibody against SAP18 specifically immunoprecipitated SAP18, RNPS1, and Acinus-L from an extract prepared from nonapoptotic cells (lane 5; see also Fig. 1e ). In contrast, as expected due to cleavage of Acinus by caspases, Acinus-L could not be detected in precipitates obtained with an antibody against SAP18, when an extract derived from apoptotic cells is employed (lane 6). Most importantly, RNPS1, which is not proteolysed during apoptosis (compare lanes 2 and 3), did not coprecipitate with SAP18 from apoptotic cell extract (lane 6), indicating that RNPS1 is released from ASAP during apoptosis. Antibodies against SAP18 did not precipitate the unrelated protein ATRX from any extract analyzed (lanes 5 and 6). The results of the IP experiments strongly indicate that ASAP complexes disassemble during apoptosis.
DISCUSSION
Here we report the purification of a novel protein complex composed of the polypeptides SAP18, RNPS1, and Acinus. We chose the name ASAP complex because the subunit composition and our functional analyses suggest that the complex participates in both apoptosis and RNA splicing. The ASAP complexes exists in at least two isoforms, termed ASAP-L and ASAP-S, which are characterized by the presence of different isoforms of Acinus, and members of the ASAP complex have been identified in nuclear compartments thought to be involved in RNA processing (N. Saitoh and D. L. Spector, personal communication).
While SAP18 has not previously been implicated in premRNA splicing, an involvement in RNA processing was suggested for both Acinus and RNPS1, which were purified as components of functional spliceosomes (29, 36) . Furthermore, RNPS1 has been shown to localize to nuclear splicing factor compartments (19, 25) and was purified as a single-subunit protein that mediates the general activation of splicing that occurs in the presence of limited amounts of SR proteins in an in vitro splicing assay (25) . In the context of the ASAP complex, this positive effect on RNA processing in vitro is suppressed (Fig. 4 and 5) . Repression of RNA processing most likely occurs at an early stage of the splicing reaction. Therefore, ASAP inhibits splicing under conditions where RNPS1 alone can function with SR proteins to activate splicing, indicating that incorporation of RNPS1 into the ASAP complexes can serve to regulate the splicing activity of RNPS1. Modification of ASAP complex components might also modulate the activity of ASAP during RNA processing.
Several recent reports have presented evidence of a role for RNPS1 in downstream events of mRNA metabolism (16, 17, 20) . In the current model, RNPS1 binds to RNA in the nucleus as part of a postsplicing complex deposited upstream of exonexon junctions, which is thought to provide a binding platform for factors involved in mRNA export and nonsense-mediated mRNA decay. RNPS1 in this exon junction complex travels with the RNA into the cytoplasm and communicates the position of exon-exon junctions for the mRNA surveillance machinery (20) . It is unclear whether the fraction of RNPS1 incorporated in the ASAP complexes might play a similar role or if formation of the ASAP complex functions to sequester RNPS1, preventing it from functioning in this capacity.
Acinus had previously been implicated to function during apoptotic chromatin condensation (30) . Microinjection analyses of the ASAP complexes clearly demonstrate that ASAP influences the progression of apoptotic cell death (Fig. 6a) . Modulation of cell death by ASAP-L also occurred when apoptosis was induced by a combination of tumor necrosis factor ␣ and cycloheximide (data not shown), suggesting that the effects caused by ASAP are at least partly direct. Various studies have provided evidence that SAP18 can associate with the Sin3-HDAC complex (4, 33) . Considering the function of ASAP in execution of apoptosis and the potential role of Acinus in apoptotic chromatin condensation, these observations raise the exciting possibility that deacetylation of histones via recruitment of the Sin3-HDAC complex is involved in the process of chromatin condensation during apoptosis. However, we have not yet been able to demonstrate association of ASAP and Sin3-HDAC complexes. It is noteworthy that in the abovementioned studies (4, 33) , demonstration of interaction of SAP18 with the Sin3-HDAC complex required overexpression of SAP18, suggesting that just a small fraction of cellular SAP18 associates with the Sin3-HDAC complex. This is in agreement with our observations that although SAP18 is present in several multiprotein complexes of different sizes, the majority of SAP18 copurifies with RNPS1 and different Acinus isoforms (data not shown). To clarify a putative role of the Sin3-HDAC complex during apoptotic chromatin condensation, further experimentation is required.
Since the Acinus subunit of the ASAP complex is a target of proteolytic cleavage during apoptosis (30) , it is possible that apoptotic stimuli lead to a regulation of the function of the complex in splicing through reorganization of the complex composition. Regulation of splicing has been shown to play an important role during apoptosis (3, 13) . IP analysis of extracts derived from apoptotic cells strongly indicates that the complex disassembles during cell death (Fig. 6b) . If activation of splicing by RNPS1 is repressed by incorporation into ASAP, this event would trigger release of the activation function of that fraction of RNPS1 in splicing, thereby modulating RNA processing of possibly selected target transcripts. Interestingly, a link between splicing and apoptosis is established not only by the Acinus protein but also by RNPS1. RNPS1 has been shown to interact with the 110-kDa isoform of the p34 cdc2 -related protein kinase PITSLRE (p110). p110 is processed during apoptosis into a smaller isoform(s) that does not interact with RNPS1 (19) , and a recently identified cyclin, cyclin L, interacts with p110 (2, 5) . The carboxyl terminus of this particular cyclin contains numerous arginine-serine-rich dipeptide repeats, characteristic of many splicing factors, and may target the p110/cyclin L complex to nuclear speckles. Antibodies against cyclin L inhibit RNA processing in an in vitro assay, and recombinant cyclin L stimulates splicing under suboptimal conditions (5) . A smaller cyclin L protein is also made by alternative splicing, which retains the cyclin box region but no longer contains the RS domain. However, the caspase-processed p46 PITSLRE isoform interacts well in vivo only with the smaller form of cyclin L (J. H. Trembley, D. Hu, and V. J. Kidd, unpublished data). Further experimentation is required to decipher whether there is a functional interplay between the ASAP complex, PITSLRE isoforms, and cyclin L or L short forms during apoptosis.
In summary, we have identified a novel protein complex (ASAP complex) consisting of SAP18, RNPS1, and Acinus. Functional analyses suggest that ASAP is involved in both RNA processing and apoptosis, pointing to ASAP as a reasonable candidate for participation in the regulation of splicing during the execution of programmed cell death.
